Introduction
Fragile X syndrome (FXS), the most common inherited form of mental retardation, is caused by the blocked expression of Fragile X mental retardation protein (FMRP), an mRNA-binding protein believed to play a role in the regulation of local protein synthesis and possibly mRNA localization in dendrites (for review, see Antar and Bassell, 2003) . FMRP target mRNAs identified by microarray analysis encode proteins important for neuronal development and plasticity (Brown et al., 2001; Miyashiro et al., 2003) . FMRP-associated mRNAs display altered translational profiles in human FX cells and brain fractions from Fmr1 knockout (KO) mice, which do not express FMRP (Brown et al., 2001; Zalfa et al., 2003) . These studies suggest diverse functions for FMRP in dendrites, including mRNA localization (Miyashiro et al., 2003) and translation (Zalfa et al., 2003) .
The FX phenotype includes defects in synaptic structure and plasticity. FX-affected individuals and FMR1 KO mice display defects in dendritic spine morphology characterized by long, thin, and overabundant spines (Irwin et al., 2000a) , suggesting that impaired regulation of mRNA localization and translation in FXS may affect spine maturation or synaptic pruning. Spine structure is linked to long-term synaptic plasticity (Bonhoeffer and Yuste, 2002) , and increased FMRP expression in response to activity has been observed in synaptosomes after exposure to glutamate receptor (GluR) agonists (Weiler et al., 1997) or whisker-pad stimulation in vivo (Todd and Mack, 2000) . Hippocampal levels of FMRP increase in animals reared in a stimulating environment (Irwin et al., 2000b) . Also, the FMR1 KO exhibits enhanced metabotropic GluR (mGluR)-dependent hippocampal long-term depression (LTD) (Huber et al., 2002; Snyder et al., 2001) . Because this specific form of LTD is known to involve postsynaptic protein synthesis (Huber et al., 2000) , these studies suggested that FMRP might be regulated by an mGluR signaling pathway. Collectively, these studies demonstrate activity-dependent regulation of FMRP expression and point to impaired long-term synaptic plasticity resulting from the absence of FMRP. Such defects could result from impaired delivery of FMRP ribonucleoprotein granules (mRNPs) into dendrites or deficits in their synaptic translation.
Although the cellular expression of FMRP is known to be regulated by activity (Weiler et al., 1997; Todd and Mack, 2000) , it is unknown whether activity modulates trafficking of FMRP and its cargo mRNAs in dendrites. The regulated trafficking of FMRP mRNPs may provide an important means for influencing local protein synthesis and synaptic plasticity. The regulation of FMRP localization in neurons has not been studied previously. We used high-resolution fluorescence and digital imaging microscopy in cultured hippocampal neurons to analyze the dendritic and synaptic localization of FMRP and its encoding Fmr1 mRNA in response to specific glutamatergic pathways. These studies identify the role of an mGluR signaling pathway in the localization of FMRP and Fmr1 mRNA in dendrites. In contrast to its dendritic localization, mGluR activation diminished FMRP but not Fmr1 mRNA localization at synapses. Such observations suggest that defects in synaptic plasticity in FXS may be caused partly by impaired trafficking of FMRP-mRNA complexes in response to distinct glutamatergic signaling pathways.
Materials and Methods
Hippocampal culture and drug treatments. Embryonic day 18 (E18) rat hippocampi were cultured as described (Goslin and Banker, 1998) . Cells were plated (90,000 -120,000 cells per square centimeter) on poly-Llysine-coated coverslips (1.0 mg/ml) in minimal essential medium (MEM) with FBS (10%) for 2 hr, inverted onto dishes containing astroglia, and grown in defined N 2 -conditioned medium (Goslin and Banker, 1998) . Cells were fixed with 4% paraformaldehyde in 1ϫ PBS at room temperature for 18 min or treated at various time points before fixation with 30 mM KCl (10 min, except where indicated), 50 M APV (5 or 15 min; Tocris, Ellisville, MO), 100 M CNQX (15 min; Tocris), or 1 mM (S)-␣-methyl-4 carboxyphenylglycine (MCPG) (30 min; Tocris) added to KCl-containing media. Additionally, 10 M 2-methyl-6-(phenylethynyl) pyridine hydrochloride (MPED) (Tocris) and 5 M (S)-(ϩ)-␣-amino-4-carboxy-2-methylbenzene acetic acid (LY)-367385 (Tocris) were added to KCl along with APV and CNQX. Other experimental sets were conducted with 50 -100 M (S)-3,5-dihydroxyphenylglycine (DHPG) (5 min; Tocris; with 50 M APV, 100 m CNQX) or 50 M AMPA (15 min, with APV). Matching experiments included the PKC inhibitor RO-32-0432 (1 M; 30 min; Calbiochem, San Diego, CA) or BAPTA-AM (25 M; 15 min; Sigma, St. Louis, MO), both in the presence of APV and CNQX. Finally, 1 mg/l cycloheximide (30 min; Sigma) was used in the presence of APV and CNQX.
Immunofluorescence. Immunofluorescence (IF) was performed as described (Tiruchinapalli et al., 2003) . For primary antibody incubations (1 hr, room temperature), FMRP was detected with mouse antibody (1C3, 1:1000; Chemicon, Temecula, CA) and synapsin with rabbit antibody (1:500; Sigma). For secondary antibody incubations (1 hr, room temperature), Cy3 and Cy5 fluorochrome-conjugated anti-mouse and rabbit antibodies were used (1:1500 and 1:750, respectively; Jackson ImmunoResearch, West Grove, PA). Alexa 488-conjugated phalloidin detected F-actin (1:500; Molecular Probes, Eugene, OR).
Fluorescence in situ hybridization with digoxigenin-labeled probes. Probes were designed to the coding region of mouse Fmr1 mRNA using DNAsis and Oligo 4 and checked for homology to other mRNAs by BLAST (basic local alignment search tool) search. Amino-modified oligonucleotides were synthesized on a DNA synthesizer and labeled with a digoxigenin succinimide ester (Roche Molecular Biochemicals, Indianapolis, IN) as described previously (Bassell et al., 1998) .
Fixed cells were subjected to fluorescence in situ hybridization (FISH) with the digoxigenin-labeled Fmr1 probes [method described as for ␤-actin probes (Bassell et al., 1998) ]. Hybridized probes were detected by IF using a Cy3-conjugated mouse anti-digoxigenin antibody (1:1500) and a Cy3-conjugated anti-mouse IgG antibody (Jackson ImmunoResearch) blocked in bovine serum albumin. Alternatively, digoxigeninlabeled probes were detected using sheep anti-digoxigenen antibody (1: 10; Roche Molecular Biochemicals) and a Cy2-conjugated anti-sheep antibody (1:500; Roche Molecular Biochemicals) blocked in normal donkey serum.
Data analysis, digital imaging, and image reconstruction. IF images were visualized using a 60ϫ or 40ϫ Plan-Neofluar objective, 100 W mercury arc lamp, and HiQ bandpass filters (Chroma Tech) on a Nikon Eclipse inverted microscope. Images were captured on a cooled CCD camera (Quantix, Photometrics) using IP Lab software (Scanalytics). For indicated experiments, Z-stacks were acquired (11 sections at 0.2 m each) and deconvolved (Power Microtome). Volume rendering and threedimensional (3-D) reconstruction were performed using Imaris software (Bitplane, Inc.).
Mean IF intensity for FMRP or Fmr1 mRNA was analyzed within a defined region of interest (ROI) traced along a dendrite, selected 10 m from the cell body for proximal dendrites, or from secondary dendrites (where noted). Total IF intensity of the ROI was then divided by area of the ROI to normalize for differences in dendritic area. Each experiment was repeated a minimum of three times, imaging at least 15 cells, three dendrites per cell per experiment, using a paired Student's t test in all cases except with analysis of the mGluR blockers MPEP and LY (see above), which were analyzed with an unpaired Student's t test.
The percentage of synapsin puncta that contained FMRP, Fmr1 mRNA, or FMRP and Fmr1 mRNA-positive synapses were analyzed. Spines were defined as dendritic protrusions associated with synapsin puncta; filopodia were defined as protrusions lacking synapsin puncta. Quantification was performed on images of equal exposure threshold values. At least 45 dendrites, 60 -120 synapses per 20 m per dendrite, were analyzed for each variable.
Enhanced green fluorescent protein-FMRP transfection. Enhanced green fluorescent protein (pEGFP)-FMRP was generated by inserting PCR products of the open reading frame of murine FMRP into the SacI and EcoRI sites of the pEGFP-C1 vector containing a cytomegalovirus promoter (BD Biosciences, San Diego, CA). Cultured neurons were transfected using CaPO 4 as described (Kohrman et al., 1999) , and EGFP-FMRP was expressed overnight and then processed as above.
Fluorescence recovery after photobleaching. Rat hippocampal neurons (E18) were cultured on 40 mm coverslips (Bioptechs, Butler, PA) and transfected with EGFP-FMRP. Transfected cells were imaged within 12 hr of transfection in L15 medium (Invitrogen, Grand Island, NY) supplemented with 20 mM HEPES, pH 7.2, FBS (0.5%), and N 2 supplements, with or without 20 mM KCl. Images were captured on an Olympus Fluoview 500 confocal microscope using an argon blue (488 nm) laser. Capture and analysis have been described previously (Zhang et al., 2001 ) with these modifications: each fluorescence recovery after photobleaching (FRAP) time point (1-5 min) reflects the timed average fluorescence intensity of three sequential frames (10 sec apart) to minimize noise. For the average graph of all cells measured (see Fig. 3E ), the recovery values at each indicated time point (1-5 min) were averaged for all FRAP analyses in a treatment, pooling all cells treated for Ͻ1 hr. These values represent experiments from 13 unstimulated cells (25 different neurites) and 10 stimulated cells (19 different neurites).
Results
Visualization of FMRP and Fmr1 mRNA granules in dendrites and spines using high-resolution fluorescence microscopy The prevalence of FMRP at synapses has not been quantified, although electron microscopy has confirmed the presence of postsynaptic FMRP in vivo (Feng et al., 1997) . The synaptic localization of FMRP was quantified on cultured hippocampal neurons using IF and digital imaging analysis. In neurons cultured for 3 weeks (mature), to allow elaboration of the dendritic arbor, spines, and synapses (Goslin et al., 1998) , FMRP was found in the cell body, and it extended into neuronal processes in a granular pattern ( Fig. 1 B, C) , which has also been described in Castren et al. (2001) . Double-labeling of FMRP (red) and synapsin, as a marker for presynaptic boutons (blue), revealed significant colocalization of FMRP with synapsin puncta (54%) (Fig. 1 B, C) . In immature [8 d in vitro (DIV)] neurons, 75% of synapsin puncta were colocalized with FMRP signal (Fig. 1 A, C) . There is a sevenfold increase in synapse density during this culture period as estimated by synapsin staining (Fig. 1 D) . We observed no change in total dendritic FMRP by IF and digital imaging analysis during this developmental period (Fig. 1 E) . These data show that FMRP is frequently localized at synapses, and its presence is particularly prominent during early development when synapses are being formed.
FMRP granules extended throughout the dendrite and into spines, which were identified as actin-rich protrusions that colocalized with synapsin ( Fig. 1 F, arrows) . Triple-labeling (FMRP, red; synapsin, blue; F-actin, green) distinguished shaft synapses from dendritic spines (Fig. 1 F) . 3-D reconstruction (Fig. 1G ) after deconvolution of a z-series (acquired from Fig. 1 F, box) revealed FMRP throughout the spine compartment: in neck and head and apposed to the presynaptic interface (Fig. 1G ). FMRP granules were in 71% of dendritic spines of mature cultures. FMRP was also in dendritic filopodia, which are actin-rich protrusions not associated with synapsin puncta (Fig. 1 F,  arrowheads) .
In vitro and in vivo binding assays demonstrate that one target of FMRP is its own encoding Fmr1 mRNA (Ashley et al., 1993; Ceman et al., 1999; Schaeffer et al., 2001) . It is unknown whether FMRP is associated with Fmr1 mRNA in dendrites. Past efforts did not reveal Fmr1 mRNA localization in dendrites (for review, see Steward and Schuman, 2003) , but these analyses were done 2 hr after high-frequency stimulation, and although able to induce Arc mRNA localization, this time scale or paradigm may not have captured or induced Fmr1 mRNA localization (Valentine et al., 2000) . Combining FISH and IF, we examined the localization of Fmr1 mRNA with FMRP. We used digoxigenin-labeled oligonucleotide probes and FISH on cultured hippocampal neurons to demonstrate that Fmr1 mRNA was localized to dendrites of cultured hippocampal neurons ( Fig. 2 A, green) and was often colocalized (yellow granules, arrows) with FMRP (red) in both primary and secondary dendrites. In mature cultures, Fmr1 mRNA was found in ϳ56% of total synapses and ϳ76% of dendritic spines (n ϭ 95 dendrites; data not shown). Although the most of the synapses in these cultured neurons are shaft synapses, both FMRP and Fmr1 mRNA were more common (on a percentage basis) in spine synapses. We also transfected neurons with an EGFP-FMRP construct to visualize the colocalization of FMRP and Fmr1 mRNA. FISH analysis of transfected neurons showed that EGFP-FMRP also colocalized with Fmr1 mRNA (Fig. 2 B) . Quantitative analysis of endogenous FMRP with Fmr1 mRNA demonstrated that ϳ26% of the FMRP-positive puncta colocalized with Fmr1 mRNA.
Activity-dependent trafficking of FMRP requires metabotropic glutamate receptors
Depolarization with KCl was used to determine whether neuronal activity can influence FMRP localization. After 10 min of KCl stimulation, FMRP IF intensity in dendrites increased by 54% (Fig. 2G ) and was maintained for 1 hr (Fig. 2C, D, G) , returning to baseline in 3 hr (Fig. 2G) . A 5 min KCl pulse also caused an increase (69%) in FMRP in 10 min, which dropped to baseline 30 min later (data not shown), indicating a sharper rise and a faster fall in FMRP dendritic localization.
FMRP redistribution may relocalize associated mRNAs, such as Fmr1 mRNA, in response to activity. We examined Fmr1 mRNA localization in dendrites 10 min, 1 hr, and 3 hr after KCl stimulation and showed that, consistent with FMRP distribution, KCl stimulation increased Fmr1 mRNA localization in dendrites of hippocampal neurons cultured for 19 DIV (Fig. 2 E-G) by 94% after the first 10 min, peaking at 1 hr and then declining sharply (Fig. 2G) , with kinetics similar to those of FMRP, by 3 hr. Because Fmr1 mRNA localization is rapid and declines between the first and third hours, its localizing response to activity may have been previously undetected at a 2 hr time point (Valentine et al., 2000) .
The rapid kinetics of KCl-mediated increases in dendritic FMRP levels suggests that the effects were caused by trafficking as opposed to de novo local translation. Although movement of EGFP-FMRP granules in PC12 cells has been demonstrated (De Diego et al., 2002) , we have examined the regulated trafficking of EGFP-FMRP. To test this, EGFP-FMRP was transfected into hippocampal neurons and subjected to quantitative FRAP analysis. FMRP recovery was measured over 5 min intervals at several time points before (Fig. 3A) and after (Fig. 3B) stimulation. Because newly synthesized EGFP takes at least 30 min to fold and acquire fluorescence (Aakalu et al., 2001) , the rapid increase in fluorescence recovery (during the 5 min analysis) was most likely caused by increased motility of FMRP into the bleached zone. FRAP analysis revealed that KCl-treated neurons exhibited per- sistently higher recovery rates than untreated cells (Fig. 3C,D) . Analysis of FRAP experiments indicated a ϳ35-fold increase in recovery rate in the presence of KCl compared with unstimulated neurons (Fig. 3E) , indicating that KCl increases the abundance and dynamic movement of FMRP in dendrites. Furthermore, the protein synthesis inhibitor cycloheximide did not prevent the regulated localization of FMRP in dendrites (Fig. 3F ) . These data suggest that the increased levels of FMRP in dendrites, in response to stimulation, reflect trafficking into dendrites from a preexisting somatic pool.
Because mGluR stimulation elevates FMRP expression in synaptosomal preparations (Weiler et al., 1997) and mGluRdependent long-term plasticity is altered in FMR1 KO mice (Huber et al., 2002) , we investigated whether FMRP trafficking is specifically regulated by mGluRs. KCl-induced change in FMRP dendritic localization was completely blocked by the group 1/2 mGluR antagonist MCPG, whereas the AMPAR and NMDAR antagonists CNQX (Fig. 4C ) and APV (data not shown), respectively, had no effect. The mGluR5 antagonist MPEP significantly blocked the KCl-dependent localization of FMRP, whereas the mGluR antagonist LY-367385 impaired but did not significantly block this response (Fig. 4 D) .
We used specific glutamatergic agonists to confirm the role of mGluRs in FMRP trafficking (Fig. 4 E) . The group I mGluR receptor agonist DHPG and the ionotropic AMPAR agonist AMPA were bath applied to cultures. DHPG was applied in the presence of the NMDA antagonist APV and the AMPA antagonist CNQX, and AMPA was applied in the presence of APV alone. DHPG activation of group I mGluRs (5 min) caused a significant increase in FMRP localization into proximal dendrites (48%) (Fig.  4 A, B,E) , indicating a role for an mGluR-driven pathway signaling FMRP granule localization. In contrast, AMPA did not alter the localization of FMRP in dendrites. A similar result was obtained in DHPG-stimulated rat hippocampal neurons transiently transfected with human EGFP-FMRP (data not shown).
Group I mGluRs are defined by their coupling to phospholipase C (PLC). Signal transduction occurs through the Gq protein, thereby stimulating PKC and releasing intracellular stores of calcium (Valenti et al., 2002) . To determine which components of the mGluR pathway were important for FMRP trafficking, we bath-applied PKC inhibitor RO-32-0432 (1 m; 30 min before stimulation) or chelator of intracellular calcium BAPTA-AM, (25 m; 15 min before stimulation) (Fig. 4 F) to our cultures. Blockade of either pathway of the mGluR cascade resulted in a loss of mGluR-dependent dendritic localization of FMRP.
Fmr1 mRNA localization in dendrites is also regulated by mGluR activation
Because Fmr1 mRNA demonstrated a KCl activity dependence with kinetics similar to FMRP, we tested whether Fmr1 mRNA also demonstrated mGluR-dependent localization after 5 min DHPG stimulation. Fmr1 mRNA localization in dendrites increased 37% after DHPG stimulation (Fig. 4G) . As with FMRP dendritic localization in response to mGluR stimulation, Fmr1 mRNA localization was also blocked by RO-32-0432 and BAPTA-AM (Fig. 4 F, H ) , suggesting that similar mechanisms regulate FMRP and Fmr1 mRNA dendritic localization.
FMRP, but not Fmr1 mRNA, localization at the synapse is reduced after mGluR activation
Although KCl and DHPG increased FMRP localization in dendrites (see above), application of either stimulus, as well as AMPA, resulted in a surprising decrease in its localization to synapses (Fig. 5 A, C) (decreases: 42% DHPG; 51% AMPA). This measured loss of FMRP from synapses was not attributed to reduced levels of FMRP in dendrites (Fig. 4 E) or accompanied by increases in synapse density (Fig. 5D ) that may have been caused by DHPG stimulation. Single-label in situ hybridization coupled with double-label immunofluorescence allowed simultaneous visualization and quantification of the FMRP protein along with Fmr1 mRNA at synapses (Fig. 5 B, E) . Subsequent to KCl depolarization, FMRP localization at synapses was diminished (from 79 to 53%) (Fig. 5E) ; however, Fmr1 mRNA localization at synapses was not significantly affected by KCl depolarization (from 64 to 59%) (Fig. 5E) . Accordingly, the percentage of synapses containing both FMRP and Fmr1 mRNA was significantly diminished (from 42 to 19%) (Fig. 5E ). Because there was no loss of Fmr1 mRNA from synapses after either KCl depolarization (Fig.  5E ) or mGluR activation (Fig. 5F ), we demonstrate that glutamatergic activity differentially regulates the ratio of FMRP to Fmr1 mRNA at synapses. These data suggest a local uncoupling or divergence between FMRP and Fmr1 mRNA at synapses in response to stimulation.
Discussion

High-resolution imaging provides a new view of FMRP and Fmr1 mRNA regulation
We have used high-resolution fluorescence microscopy and digital imaging analysis to investigate the spatial localization and trafficking of FMRP and Fmr1 mRNA in dendrites and spines of hippocampal neurons. One advantage of this approach is that it affords both the sensitivity and resolution to permit quantitative analysis of dynamic changes of both FMRP and Fmr1 mRNA levels and localization in dendrites and at synapses in response to pharmacological manipulations. Although FMRP is known to be localized to postsynaptic sites and spines (Feng et al., 1997) , it is unclear how frequent the synaptic localization really is and whether it can be modulated during neuronal development or in response to activity. Here we find that FMRP is expressed abundantly in dendrites throughout development, but is particularly highly localized first at developing synapses and later in mature spines. These data are consistent with morphologic observations suggesting failure of spine maturation in the absence of FMRP expression (Irwin et al., 2000) , but they also suggest an ongoing role of FMRP in the regulation or maintenance of fully developed synapses.
In addition, our quantitative fluorescence imaging studies have shown that glutamatergic activity can directly and differentially modulate the dendritic and synaptic localization of FMRP and the Fmr1 mRNA. After stimulation, FMRP levels rose transiently in the dendritic processes. Our observations of increased FMRP mobility after stimulation, analyzed by FRAP (Fig. 3) , suggest that activity-dependent pathways may affect the transport kinetics of FMRP, within dendrites, possibly providing an increased fraction of FMRP associated with motors, or an increased processivity of the motor associated with the mRNPs. This could facilitate the movement of FMRP and its target mRNAs in dendrites. Importantly, Fmr1 mRNA levels in dendrites increased with similar kinetics after stimulation, providing evidence that activity-driven changes in the localization of FMRP serve to redistribute its target mRNAs as well. These findings suggest that neuronal activity can, through the modulation of the subcellular localization of FMRP, impact local translation of important dendritic and synaptic proteins.
Regulated FMRP and Fmr1 mRNA localization shares characteristics with synaptic plasticity mGluR activation was shown to be both necessary and sufficient for the increased dendritic localization of FMRP granules (Fig.  4C,E) . The group I/II mGluR antagonist MCPG blocked KCldependent trafficking of FMRP in dendrites (Fig. 4C) . Furthermore, DHPG-dependent mGluR activation was sufficient to localize FMRP (Fig. 4 E) . Interestingly, this same treatment has been found to induce a form of LTD in the hippocampus, which is altered in FMRP-deficient mice (Huber et al., 2002) . This suggests that regulation of dendritic and synaptic FMRP localization may influence synaptic plasticity.
Group I mGluRs, mGluR5 and to a lesser extent mGluR1, are abundant in dendrites and dendritic spines of hippocampal neurons (Lujan et al., 1996; Patel et al., 2003) . Group I mGluRs couple to PLC, causing downstream activation of PKC and a release of calcium from intracellular stores (Oliet et al., 1997) . We found that blockage of either arm of this pathway disrupted the dendritic localization of both FMRP and Fmr1 mRNA (Fig.  4 F, H ) , suggesting a coordinated role of these signals in this process. mGluR-dependent LTD similarly requires both PKC activation and elevations in postsynaptic calcium (Oliet et al., 1997) , further supporting a link between plasticity and the regulation of FMRP-Fmr1 mRNA localization. Because the mGluR5 antagonist MPEP significantly blocked FMRP localization in dendrites, this suggests a predominant role for mGluR5 in FMRP and Fmr1 mRNA localization in hippocampal dendrites (Fig. 4 D) . This is in accord with a predominant role for mGluR5s in postsynaptic hippocampal LTD (Oliet et al., 1997; Huber et al., 2002) .
mGluR and NMDAR signals may regulate the localization and translation of distinct mRNAs Our findings suggest that the regulation of FMRP and Fmr1 mRNA localization by mGluRs may provide a pathway for regulation of mRNA localization distinct from those reported previously. A number of studies have pointed to a prominent role for NMDA receptors in the regulation of both mRNA localization and translation. High-frequency stimulation in vivo was shown to stimulate the dendritic localization of Arc mRNA, and this response was dependent on NMDA receptors (Steward and Worley, 2001 ). In cultured hippocampal neurons, NMDA receptors were required for the localization of a ␤-actin mRNP complex with zip code binding protein to dendrites of cultured hippocampal neurons (Tiruchinapalli et al., 2003) . NMDA receptors also stimulated the translation of EGFP-reporter constructs that contain the 3ЈUTR cytoplasmic polyadenylation element (CPE) of CaMKII␣ mRNA (Wells et al., 2001 ). show that Fmr1 mRNA is not diminished at synapses after KCl stimulation (ϳ60 to ϳ60%). Bars 5 and 6 show percentage synapses with both FMRP and Fmr1 mRNA in them before and after KCl depolarization (ϳ45 to ϳ20%). The loss of FMRP-Fmr1 mRNA colocalization at synapses after stimulation appears to be attributable to the activity-dependent loss of FMRP from synapses. F, mGluR stimulation via DHPG does not affect Fmr1 mRNA localization at dendrites despite the effect of DHPG to diminish FMRP at synapses ( C). Scale bar, 10 m.
Despite the importance of NMDA receptors in the regulation of these mRNAs and binding proteins, our findings show that mGluRs, and not NMDARs, play a critical role in the regulation of the dynamic trafficking of FMRP and Fmr1 mRNA. Our data are consistent with findings that mGluRs signal the synthesis of FMRP in synaptosomes (Weiler et al., 1997) . Although our studies do not rule out the possibility that NMDARs may play a role in other aspects of FMRP expression, they suggest that mGluR and NMDAR signals may regulate distinct mRNA targets or different steps of the mRNA localization and translation pathway. Such concepts may be important for understanding how NMDARdependent long-term plasticity differs from mGluR-dependent long-term plasticity. Although both are known to require protein synthesis in the postsynaptic neuron (dendrite), it remains unclear whether NMDA and mGluR signals regulate a common or different set of mRNAs.
mRNA-binding proteins are potentially direct targets of glutamatergic regulation. The molecular mechanism of translational regulation of CaMKII␣ mRNA in synaptosomes was shown to involve NMDA receptor-dependent phosphorylation of the mRNA-binding protein cytoplasmic polyadenylation element binding protein (CPEB) by Aurora kinase (Huang et al., 2002) . Our studies indicate the presence of an mGluR signaling pathway that involves activation of PKC and release of internal calcium (Fig. 6) . Although it is unknown whether PKC phosphorylation affects FMRP directly or indirectly, we note that the different phosphorylation states of FMRP have been shown previously to regulate its association with polyribosomes (Ceman et al., 2003) . Future work is needed to identify how mGluR signals may affect the binding, transport, or translation of mRNAs by FMRP.
Glutamatergic regulation stimulates loss of FMRP from synapses
In contrast to what was observed in dendritic processes, at synapses there was a loss of FMRP after stimulation of either mGluRs or AMPA receptors. This was quantified as a decrease in the percentage of synapses (synapsin puncta) that had detectable FMRP signal in them (Fig. 5C ). This decrease in FMRP-positive synapses was not attributed to an increase in the density of synapses (Fig. 5D ). The loss of FMRP from synapses may be stimulated by any rises in local calcium levels, triggered by activation of either mGluRs (via internal stores) or AMPARs (via voltagegated calcium channels). FMRP either may be leaving the synapse in response to synaptic signaling or may be locally degraded at the synapse through a ubiqitination pathway, as was shown recently to regulate PSD-95 (postsynaptic density-95) in response to glutamatergic stimulation (Colledge et al., 2003) . In either case, the fact that synaptic Fmr1 mRNA levels were not reduced after stimulation suggests that the protein is uncoupled physically and functionally from its cargo under these conditions. We speculate that the regulated loss of FMRP from synapses observed here may have the effect of releasing repressed synaptic mRNAs so they can now be translated (Fig. 6) .
Our findings of a loss of FMRP at synapses in cultured neurons can be reconciled with data that mGluR activation increased synthesis of FMRP in synaptosomal preparations (Weiler et al., 1997) . Because these synaptosomes are biochemically isolated and sealed, it is not possible to track the fate of newly synthesized FMRP or a change in its localization after stimulation. Our studies, by direct visual examination of FMRP after mGluR stimulation, suggest that synaptically activated FMRP, localized or newly synthesized, may become a retrograde signal and localize back to the cell body only to return to the synapse carrying specific mRNAs important for synaptic structure and long-term plasticity (Fig. 6) .
FMRP is known to be a repressor of translation in vitro (Laggerbauer et al., 2001) . In Fragile X syndrome, the absence of FMRP-mediated repression is believed to result in runaway or excessive protein synthesis at synapses (Zalfa et al., 2003) ; however, an alternative model emerges if one considers that FMRP may act like CPEB, which is known to play a dual role in both mRNA localization in dendrites and translational derepression at synapses (Huang et al., 2002 (Huang et al., , 2003 . In the absence of FMRP in FXS, one might predict impaired mRNA localization and, consequently, reduced translation at synapses. Future work is clearly needed to understand the full scope of FMRP interactions with its numerous mRNA targets and the molecular deficits in mRNA regulation in dendrites and at synapses in FXS.
Summary
The high-resolution microscopic approach used here has provided new information on the regulated localization of FMRP and Fmr1 mRNA in dendrites and at synapses. We show that synaptic activation through the mGluR5 receptor regulates the trafficking of FMRP and Fmr1 mRNA to dendrites via a signaling pathway that involves PKC and rise in internal calcium. Such findings will motivate further studies to identify in particular whether FMRP and its associated proteins are substrates for this regulation and in general whether mRNA binding proteins regulate localization and localized translation by divergent cues. Because mGluR-dependent LTD and postsynaptic protein synthesis are known to be dependent on mGluR5s (Oliet et al., 1997; Huber et al., 2002) , and because it is impaired in FX (Huber et al., 2002) , our results suggest a role for trafficking of FMRP and its cargoes in the regulation of mGluR-dependent LTD.
This work motivates investigation into defects in activitydependent trafficking of FMRP-associated mRNAs in dendrites and at synapses that may underlie the synaptic deficits of FXS. . Model for FMRP and Fmr1 mRNA localization in dendrites and at synapses. Glutamatergic stimulation activates the mGluR, triggering release of internal calcium and activation of PKC, a cascade of events that localizes FMRP and Fmr1 mRNA in dendrites. FMRP and its target mRNA colocalize at the synapse, in a complex where FMRP represses translation. Synaptic activation causes the dissociation of FMRP from the target mRNA, relieving the repression, and the loss of FMRP from the synapse, perhaps because of PKC phosphorylation. Although there is no direct evidence that PKC phosphorylates FMRP, it is known that there is a phosphorylation site on the FMRP protein (Ceman et al., 2003) . Phosphorylated FMRP could become a retrograde messenger, returning to the cell body. Meanwhile, the mRNA is now derepressed and able to translate proteins that are important for synaptic structure and plasticity.
Toward the long-term goals of pharmacologic intervention in FX, our findings of regulation of FMRP through mGluR5 have important implications in the design of agents that may modulate specific glutamatergic signaling pathways that are imbalanced in Fragile X with respect to other forms of synaptic modification.
